Defourny J, Lallemend F, Malgrange B. Structure and development of cochlear afferent innervation in mammals. Am J Physiol Cell Physiol 301: C750 -C761, 2011. First published July 13, 2011; doi:10.1152/ajpcell.00516.2010.-In mammals, sensorineural deafness results from damage to the auditory receptors of the inner ear, the nerve pathways to the brain or the cortical area that receives sound information. In this review, we first focused on the cellular and molecular events taking part to spiral ganglion axon growth, extension to the organ of Corti, and refinement. In the second half, we considered the functional maturation of synaptic contacts between sensory hair cells and their afferent projections. A better understanding of all these processes could open insights into novel therapeutic strategies aimed to re-establish primary connections from sound transducers to the ascending auditory nerve pathways. cochlea; inner ear; neuron HEARING requires an optimal innervation of sensory hair cells (HCs), which transduce the acoustic signal. This primary afferent innervation includes two functionally distinct neuronal populations conveying sound information from the cochlea to the central nervous system (11, 167). In the sensory epithelium, i.e., the organ of Corti (OC), each inner hair cell (IHC) is connected by multiple type I spiral ganglion neurons (SGNs) (about 90 -95% of the neuronal population) and represents the principal encoder of the auditory signal (117, 131). By contrast, while the outer hair cells (OHCs) considerably outnumber the IHCs, their afferent innervation is much more limited. Type II SGNs form "en passant" contacts with OHCs and represent ϳ5-10% of the total neuronal population (144, 162) . Although the physiological functions of these connections have not yet been clearly defined, several in vitro and in vivo studies have proposed that, rather than transmitting information, they could provide integrated afferent feedback loop and amplify both cochlear sensitivity and frequency discrimination (26, 70, 172) .
HEARING requires an optimal innervation of sensory hair cells (HCs), which transduce the acoustic signal. This primary afferent innervation includes two functionally distinct neuronal populations conveying sound information from the cochlea to the central nervous system (11, 167) . In the sensory epithelium, i.e., the organ of Corti (OC), each inner hair cell (IHC) is connected by multiple type I spiral ganglion neurons (SGNs) (about 90 -95% of the neuronal population) and represents the principal encoder of the auditory signal (117, 131) . By contrast, while the outer hair cells (OHCs) considerably outnumber the IHCs, their afferent innervation is much more limited. Type II SGNs form "en passant" contacts with OHCs and represent ϳ5-10% of the total neuronal population (144, 162) . Although the physiological functions of these connections have not yet been clearly defined, several in vitro and in vivo studies have proposed that, rather than transmitting information, they could provide integrated afferent feedback loop and amplify both cochlear sensitivity and frequency discrimination (26, 70, 172) .
The development of both peripheral and central nervous systems involves predominantly the same succession of events, including axon growth toward the target cells, formation of synaptic contacts, remodelling of afferent innervation, and finally, axon retraction to remove inappropriate connections (114, 163, 177) . In the developing cochlea, the successful achievement of this sequence is likely to be crucial in establishing the correct innervation pattern. In rodents, the development of the afferent cochlear innervation occurs from early embryonic stages until the end of the first postnatal week and follows a progressive basal-to-apical gradient (129) . It can be divided into three main phases: 1) axon growth and extension of statoacoustic ganglion (SAG) neurons to immature target cells of the greater epithelial ridge, 2) SGN fiber refinement and HCs innervation, and 3) axon retraction and synaptic pruning (68) (Fig. 1) . However, new genetic labeling techniques provided results that conflict with the widely accepted notion that SGNs initially innervate both IHCs and OHCs (33, 68, 122, 123) . These data rather suggest that extension of type I and type II projections into the cochlear epithelium would occur earlier during development and would be highly directed and rapid, with no period of prolonged exploration (87) . In this paper, we synthesize the cellular and molecular mechanisms involved in each of these steps as well as the subsequent maturation of synaptic function finally leading to hearing onset.
Axon Outgrowth and Extension
Many pathfinding molecules influencing guidance of auditory projections have been identified and include diffusible chemotropic agents released by the target epithelium, transmembrane proteins, and nondiffusible extracellular matrix molecules. These cues exert alternately repulsive or attractive influences on outgrowing axons and finally give rise to accurate afferent targeting to HCs (143, and as reviewed in Refs. 9, 41, 138, 179, 191) .
After delamination from the otic placode, at around E12.5 in mice, SAG neurons extend axons toward immature epithelial target cells that essentially express neurotrophin-3 (NT-3) (40, 130) (Fig. 1A) . Since E17.5, brain-derived neurotrophic factor (BDNF), together with NT-3, act as short-distance guidance cues for SGN afferents as they approach the OC (25, 40, 130, 182) . Whereas type II SGNs would exclusively innervate the OHCs as early as E16.5 (87) (Fig. 1B) , type I SGNs are rather believed to project terminals toward both IHCs and OHCs at birth (33, 68, 161) (Fig. 1C) .
The way BDNF and NT-3, which are expressed and released by the developing sensory epithelium, attract growing fibers to the OC is through specific activation of trkB and trkC receptors that are expressed by SGNs (128, 130, 148, 182) . These interactions were also found to be essential for survival of SGNs, as it was shown that targeted deletions of either BDNF and NT-3 (26, 78) or trkB and trkC receptors (108, 149, 151, 160) result in loss of SGNs. In addition, mice lacking both the phospholipase C␥ (PLC␥) and the Shc binding sites of trkB have recently been described producing a similar cochlear phenotype to that seen in trkB-null mice, supporting the idea that the trkB signaling pathway predominantly depends on these two docking sites (155) . Taken together, the analysis of single receptor-or ligand-deficient mice initially suggested that BDNF and NT-3 specifically support the innervation of OHCs and IHCs, respectively (35, 39, 77) . However, trkB and trkC proteins are expressed in all SGNs, whereas NT-3 and BDNF are expressed by SCs and by HCs following a baso-apical gradient (3, 40) . Indeed, at E12.5, BDNF is expressed in the apex of the cochlea, whereas NT-3 is restricted to basal and middle turns, mainly around the three rows of OHCs. As development progresses, the expression patterns of BDNF and NT-3 extend along the length of the cochlear duct. However, at neonatal stages, NT-3 remains preferentially expressed in the base and BDNF in the apex, even if a slight expression of BDNF and NT-3 is observed at the apex in SCs and at the base in HCs, respectively (40) . These dynamic expression patterns therefore suggest a more complex action of neurotrophins on type I and type II SGNs. Indeed, either neurotrophin-or trk-deficient animals display specific defects along the tonotopic axis of the cochlea. In that respect, BDNF and trkB knockout (KO) mice show the most pronounced effect in the apex during the first postnatal week, whereas the neuronal loss is more severe at the cochlear base when NT-3 or trkC are deleted (13, 40, 46, 48) . This was exemplified by the observation of afferent synapses on IHCs in both trkC and NT-3 KO animals and on OHCs in trkB-and BDNF-deficient mice (13, 40, 46, 48) . Based on these data, the specific connections of type I and type II afferents to IHCs and OHCs, respectively, appear not to be simply related to the expression of a particular neurotrophin.
Surprisingly, the phenotype of BDNF-and trkB-deficient mice is reversed during subsequent maturation of the cochlea (150) . During late embryonic and early postnatal development, both mutant animals show a lack of OHCs afferent innervation in the apex of the cochlea, whereas nerve fibers are conserved in the basal part. By contrast, toward the end of the third postnatal week, BDNF and trkB mutants show a complete absence of basal innervation, whereas OHCs afferents are restored at the apex. The process of neuronal degeneration at the base should be linked to the expression of BDNF and trkB at postnatal stages (40, 184) . It has been postulated that this process occurs through an autocrine mechanism (150) . In parallel, the increased expression of NT-3 in SGNs at the apex during the postnatal period offers an attractive explanation for the reinnervation of OHCs in apical portion of BDNF and trkB KO cochleae (146) .
Beside their role in normal development, BDNF and NT-3 are known to promote SGN survival, axon regrowth, and function when administered to deafened animals (4, 60, 89, 159, 188, 189) . Chronic electrical stimulations have been shown to prevent the rapid loss of SGNs that may occur after withdrawal of exogenous neurotrophins (158) . NT-3 especially seems to promote synapse regeneration by type I SGNs on IHCs after excitotoxic trauma in vitro (178) .
Regulation of neurotrophins and their receptors have been proposed to be the principal action through which different molecules can influence axon pathfinding in the cochlea. Absence of ErbB2 results in abnormal migration and pathfinding of SGNs probably linked to an overall reduction of NT-3 (111) . Mutation of the basic helix-loop-helix (bHLH) neuronal transcription factor NeuroD severely affects SGNs survival, likely by downregulation of trk receptors expression, and leads to profound deafness (82) . Obtained using conditional KO (CKO) mice model, recent data also support that NeuroD is crucial for the development of normal inner ear innervation, especially for the proper migration and segregation of cochlear and vestibular neurons and for a correct organization of their projections within the sensory epithelia (71) .
Class IV POU transcription factors are also involved in cochlear axon pathfinding. Brn3c (POU4F3) null mice present incomplete retention of some afferent inner ear innervation, linked, at least in part, to a decreased expression of BDNF and NT-3 (190) . Brn3a (POU4F1) seems to control several factors involved in soma size, axon pathfinding, and target field cochlear innervation (65, 66, 103) . In the SG, Ngn1 acts through NeuroD upstream of Brn3a that regulates expression of parvalbumin, Brn3b, and TrkC (65) . Absence of Brn3a results in trkC downregulation and mimics the innervation defects and neuron loss observed in trkC KO mice. However, several innervation defects found in Brn3a-deficient animals are not observed in trkC-null mice, suggesting that Brn3a controls unidentified additional cues required for axon pathfinding in the inner ear (65) . These factors may include some ephrin and Eph receptors, although loss of Brn3a does not result in dramatic loss of EphB1, EphB2, and EphB6 expression (65) . Interestingly, the aforementioned cascade of transcription factors seems to be specific to SGNs.
Type I transmembrane protein Slitrk-6 was also identified as involved in promoting axon projections and survival of SGNs, presumably by regulating the expression of neurotrophins and trk receptors in the cochlea (79) . Auditory brainstem response (ABR) recordings in Slitrk-6 KO mice recently revealed a mild elevation of hearing threshold and a strong decrement of peak 1 amplitude (102) reflecting the summed activity of cochlear afferents projecting from IHCs to the cochlear nucleus (104) . Therefore, the reduction of peak 1 amplitude may be indicative of the decreased number of SGN projections to HCs observed in Slitrk-6 KO mice (79) .
Among the factors that could control neurotrophins expression, the proto-oncogene N-Myc, a bHLH transcription factor, was recently found to be embryonically expressed in the inner ear (31, 86) . N-Myc CKO mice display cross innervation from the vestibular ganglion at the basal tip of the cochlea and disorganized innervation at the apex. Given that N-Myc has been associated with altered levels of BDNF in neuroblastoma (115) , it is tempting to speculate that pathfinding defects in N-Myc CKO mice could be linked to BDNF misexpression. However, the correlation between N-Myc and neurotrophic factors has not yet been studied in the cochlea.
Although HCs and SCs have been proposed as attractors for afferent fibers through release of neurotrophins, the initial fiber growth (E12.5) has been shown occurring almost normally in the absence of either fully differentiated HCs or BDNF in mice lacking the bHLH transcription factor Atoh1 (49, 121) . Surprisingly, the expression of BDNF apparently depends on Atoh1 in the basal turn of the OC but not in the apex (49) . Consequently, E18.5 Atoh1 KO mice show highest density of afferent projections in the apical region than in the base of the cochlea, meaning that retention of fibers is possible with BDNF despite the absence of differentiated HCs.
Another family of proteins, ephrins and Eph receptors, acting through forward or reverse signaling pathways, have also been proposed to play a critical role in patterning auditory innervation (14, 16, 90, 126, 127) . Especially, EphB receptors have been shown to influence outgrowth of SAG fibers in vitro through interaction with ephrin-B1 (15) , and disruption of ephrin-B/EphB interactions results in aberrant cochlear innervation patterns (197) . Moreover, numerous in vivo experiments using either ephrin-or Eph receptor-deficient animals demonstrated the physiological importance of ephrin/Eph interactions for proper cochlear function and hearing (64, 107) . In that respect, in vitro findings suggested that the expression of EphA4 receptor in cells lining the osseous spiral lamina (175) could provide repulsive signals to growing afferent dendrites expressing both ephrin-B2 and ephrin-B3, allowing them to correctly reach the OC (19, 143) . It is tempting to speculate that these molecular mechanisms could lead to impaired ABR as observed in EphA4-and ephrin-B2-deficient mice (107) . However, to date, no ephrin/Eph signaling pathways required for hearing function have been clearly described in vivo.
In addition to the aforementioned signaling molecules, recent studies focusing on embryonic development have proposed some other guidance factors to be involved in establishing auditory projections. Those include semaphorins and neuropilins (109, 112) , slits and their robo receptors (99, 193) , and netrin-1 and its receptors (1, 100) . Especially, deletion of sema3 docking site on the neuropilin1 receptor results in pathfinding errors of peripheral projections even in the presence of HCs and BDNF, suggesting that sema3a could provide a stop signal that directs growing axons to target cells (57) .
To address the mechanisms involved in SGN outgrowth and regrowth, a variety of studies have used SGNs culture model. For instance, fibroblast growth factor (FGF2) and NT-3 have been reported to exert a synergistic effect on SG neurite outgrowth in vitro (63) . Extracellular matrix molecules such as laminin and fibronectin, through interactions with integrin receptors promote SG axon extension on explants (5, 36) . Moreover, SGNs exposed to ROCK inhibitor H-1152 were lately described showing accelerated neurite ougrowth in vitro (93) . This is the first evidence of stimulating SGN neurite extension by inhibiting the action of a signaling cascade involving the Rho pathway that normally slows growth. However, to date, no physiological functionality for these molecules has been demonstrated in vivo.
Recent data suggest that SG Schwann cells (SGSCs) support and direct SGN neurite outgrowth and probably facilitate fasciculation (73, 183) . In addition, SGSCs were found to produce BDNF and NT-3 that may mediate paracrine neuronglial interactions in the auditory nerve (59) . Loss of SGSCs in ErbB2 KO mice is associated with SG neurodegeneration (111) , supporting that SGSCs, by contributing to trophic support, promote SGN survival. Treatments based on Schwann cells genetically modified to produce BDNF were used to enhance SGN survival both in vitro (124) and in an in vivo model of deaf guinea pig (125) . However, analysis of Sox10
LacZ/LacZ mutant mice revealed that SGNs normally develop and survive despite the disappearance of SGSCs. This reduced neuronal cell death could be explained by an overproduction of HC-derived BDNF that may compensate for the lack of SGSCs trophic support (18) .
Just before reaching HCs, SGN fibers have to enter the OC through the habenula perforata (HP). Deletion in ErbB2, which is expressed by SCs near the HP (69), results in projection defects with many afferent fibers failing to enter the OC and instead projecting to the lateral wall of the cochlea (111) . In the same way, it was found that, when NT-3, which is expressed around the HP before birth (40, 130, 182) , is replaced by BDNF, unusual afferent fibers pass below the OC (171). In both cases, in may be that the reduction in NT-3 expression does not allow proper navigation of afferent fibers into the OC.
Axon Refinement and Hair Cell Innervation
After reaching the OC, SGN afferents arborize and likely project simultaneously to both IHCs and OHCs at each radial position (33, 68, 161) . Each fiber emits temporary additional collateral branches to HCs, which are pruned at later stages (52, 123, 161, 184) (Fig. 1D) . In the meantime, type I fiber tracts are segregated and connected to IHCs, of which innervation is progressively refined, with calyceal terminal complexes forming at the basolateral regions of these cells (68) . However, how the specific distribution of type I-IHCs versus type II-OHCs connections become established is currently unknown. It has been suggested that type I afferents may reach the OC earlier and occupy the available membrane surface on the IHCs, thus leaving free synaptic space only on the OHCs for the type II fibers (33) . Nevertheless, this hypothesis has never been confirmed to date.
Interestingly, transient type I-OHCs ribbon-containing synapses were found to express ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) glutamate receptor (AMPAR) subtypes GluR2/3 (34, 83) , suggesting that these connections could be involved in neurotransmission activity. The intracellular molecular machinery of these immature OHCs, containing the constituents of the soluble NSF (N-ethylmaleimidesensitive factor) attachment protein receptor (SNARE) complex (syntaxin-1A, SNAP-25, and synaptobrevin-1, see below) (146) , is sufficient to generate Ca 2ϩ -and otoferlin-dependent exocytosis, similarly to mature IHCs (12, 106) . These temporary synapses could therefore contribute to the spontaneous discharge activity recorded in SGNs before the hearing onset, i.e., the so-called presensory activity (78) . As described in the medial nucleus of the trapezoid body (166), transient connections during early development could play a role in shaping the auditory machinery. However, in the cochlea, there is no evidence that temporary synapses are really functional in vivo.
In the OC, pillar cells (PCs) combine to form the tunnel of Corti, a fluid-filled triangular space that separates the single row of IHCs from the first row of OHCs (as reviewed in Ref. 94) . PCs have been proposed to play a role in regulating the innervation pattern in the OC (52, 164) . In deaf Fgfr3 KO mice lacking PCs, an increased number of fibers cross the PCs space to form contacts with OHCs (132). These defects raised the possibility that PCs form a boundary that regulates the passage of only a subset of SG neurites.
Axon Retraction and Synaptic Pruning
After this period of exuberant arborization, individual afferents are retained to specific HC type by differential pruning (33, 68) . For instance, type I nerve terminals present at the OHCs undergo withdrawal and their associated ribbon synapses disappear from this region to give rise to the mature innervation pattern (165) (Fig. 1E) . In contrast, type II afferent connections are more stable and progressively supplant the type I nerve terminals (68) . One hypothesis could be that this differential stability in type I versus type II fibers at the OHCs comes from the molecular composition of their respective synapses. In this regard, excitatory synapses in several brain regions currently express many proteins involved in anchoring glutamate receptors at the postsynaptic side, making them stronger, as reviewed in Ref. 110 . Hence, the relative expression of these postsynaptic density proteins at type I and type II connections (27) could exert an important function in determining whether a given synapse may be transient or stable.
At the molecular level, this specific pruning of collateral branches seems to correlate with a changing pattern of BDNF expression in the sensory epithelium (184) . Indeed, retraction of type I fibers from the OHCs coincides with the downregulation of BDNF from OHCs at P3, whereas the subsequent reappearance of BDNF in HCs, SCs, and SGNs at P6 may be linked to formation of new synaptic contacts (33, 58) . Another candidate factor that could contribute to axon retraction and pruning in the cochlea is the ATP-gated ionotropic P2X receptor signaling that is specifically expressed in close association with the withdrawal process of transient fibers (56, 67, 68) . ATP provides a signal through P2X3 receptor signaling that has been shown to inhibit SGN fiber outgrowth and branching induced by BDNF (56) . Therefore, during remodelling of HCs innervation, P2X expression in neonatal SGNs could participate in downregulation of BDNF-induced outgrowth, when axon retraction is required.
Altogether, the cellular and molecular events that regulate both afferent refinement and collateral retraction will give rise to the mature configuration of HCs innervation pattern (Fig. 1E) . However, how so many type I fibers manage to converge onto a single IHC remains unknown.
Development of Type II Afferent Innervation
As previously mentioned, genetic fate mapping analysis supports that growth of type II SGNs is highly directed to OHCs and occurs from E16.5 in mice (87) . However, it has been otherwise reported that type II nerve fibers might temporary form collaterals with the IHCs at early postnatal stages (33, 68, 161) (Fig. 1D) . These transient connections are progressively eliminated during the first postnatal week (33, 68, 123, 161) (Fig. 1E) . Pruning of the final arbor should not represent a major determinant of the type I/type II fate decision because SGNs already exhibit distinct morphologies (87) .
At the molecular level, Prox1, a transcription factor expressed by SCs, has recently been identified as a key factor playing a cell autonomous role in type II afferent pathfinding (47) . Indeed, the absence of Prox1 induces obvious guiding defects during the extension of type II nerve fibers to OHCs. By contrast, the innervation of IHCs by type I fibers remains correct (47) . Similarly to what happens for type I SGNs, the absence of either BDNF or NT-3 leads to a decrease or loss of type II afferent connections to OHCs. At birth, this reduction is more important at the base of the cochlea when NT-3 is deleted and at the apex in BDNF-null mutant (13, 40, 48) .
Maturation of Inner Hair Cell Synapses
During postnatal synaptic maturation, IHCs undergo huge modifications in their electrical and morphological properties. The synaptic machinery progressively evolves from multiple spherical bodies, typical of immature cells, to more confined active zones anchoring a single ribbon (165) submicrometer, electron-dense structure tethering synaptic vesicles (195) . This optimal configuration ensures IHCs to respond to membrane voltage variations before and after the hearing onset. Recently, otoferlin and myosin-VI interactions have been shown to be required for the proper maturation, function, and maintenance of the basolateral synaptic structure of IHCs (61, 136) . The molecular mechanisms leading to functional peripheral auditory synapses remain poorly understood. Thyroid hormones (TH, including the prohormone thyroxine T4 and its active metabolite 3,5,3=-triiodothyronine T3) are largely known to influence the development of the entire nervous system (as reviewed in Ref. 62 ), thus it is not surprising that the development of both central and peripheral auditory systems are also affected by these molecules (84) . Particularly, TH seems to exert specific actions on postnatal IHCs. Indeed, deafness observed in TH receptor (TR) ␤ (TR␤) KO mice (44) was initially proposed to be due to an impaired functional maturation of IHCs (142) . However, recent data conflict this hypothesis, rather suggesting that the primary cause of hearing loss in TR␤ KO is a disturbed mechanical performance of OHCs by malformation of the tectorial membrane (187) . Severe hypothyroidism in 2-wk-old Pax8-deficient mice (because of absence of thyroid follicular cells) leads to incomplete synapse elimination and impaired ribbon maturation (157) . This presynaptic dysfunction of IHCs seems incompatible with coding of the temporal structure and graded intensity of sounds (17, 157) . Therefore, it is tempting to speculate that these defects are at least partially responsible for congenital hypothyroid deafness (24, 28, 176) .
Molecular Machinery and Function of the Inner Hair Cell Synapse
Also present in retinal photoreceptors and bipolar neurons, ribbon synapses are optimized to release large amounts of neurotransmitter continuously and indefinitely, with an exceptional rate of exocytosis in response to graded changes of membrane potential (as reviewed in Refs. 152 and 194) . In the cochlea, the ribbon-dependent synchronous release of presynaptic vesicles at the IHC synapse appears essential for the normal auditory neurotransmission (81) . Membrane capacitance measurements recently revealed that exocytosis is closely linked to the sensitivity level of the cochlea to sound (105) . In addition, IHCs may diversify their rates of transmitter release by adjusting the number and the gating of L-type voltage-gated Ca 2ϩ channels Ca V 1.3 at their active zone (45) . Even within individual IHCs, each ribbon independently responds to local Ca 2ϩ influx mediated by neighboring Ca 2ϩ channels (105) . Understanding of the molecular composition of the IHC ribbon synapse is still limited. The major structural component of synaptic ribbons identified so far is RIBEYE, a protein aggregate formed by a unique and ribbon-specific A domain, and a dimeric B domain identical to COOH-terminal binding protein-2 (CtBP2), a transcriptional repressor protein (153) . The A domain allows assembly of RIBEYE into broad structures, whereas the B domain binds NADϩ with high affinity and is supposed to mediate docking and translocation of synaptic vesicles. Bassoon and Piccolo have also been identified at the presynaptic active zone in IHCs. These large cytomatrix molecules are responsible for anchoring the ribbon at the active zone (29, 30, 173) (Fig. 2A) . Bassoon and the ribbon create a huge amount of neurotransmitter release sites by organizing Ca 2ϩ channels and vesicles and promote replenishment (45) . Bassoon-deficient mice display both loss of synapse-anchored ribbons at most active zones of IHCs (6) and decrease of readily releasable pool of synaptic vesicles leading to abnormal afferent synaptic transmission and hearing impairment (81) . In addition, spontaneous and sound-evoked discharge rates are significantly reduced in these mutant mice (20) .
The cysteine-string protein (CSP) also seems important for IHC presynaptic zone. CSP has been shown to be closely associated with vesicles tethered to synaptic ribbons. The synchronized apparition of CSP during hearing onset suggest that this molecule could exert a special role in sound-evoked glutamate release by IHCs (38) . However, in CSP␣ KO mice, IHC ribbon synapses remain morphologically and functionally unchanged, by contrast to photoreceptors that largely degenerate in CSP␣ KO mice (154) . IHCs were found to express CSP␤ isoform, then, it may be that CSP␤ compensates for the lack of CSP␣ and protects IHCs from neurodegenerative processes (154) .
The Ca 2ϩ -dependent vesicular fusion in the presynaptic terminals is believed to be triggered by specific constituents of the SNARE complex: syntaxin-1A, SNAP-25, and synaptobrevin-1 (146) . However, SNARE proteins did not seem to be directly sensitive to Ca 2ϩ , therefore the link between Ca 2ϩ sensor and SNARE function remains elusive. Synaptotagmins-1 and -2, a family of SNARE proteins that contain two cytoplasmic C2-domains generally considered to play major roles in neurotransmitter release at central synapses, are not present in the OC after the hearing onset and several posthearing synaptotagmin mutants revealed intact synaptic exocytosis (12, 146) . Recently, otoferlin, a large multi C2-domain protein (192) has been proposed to be the major Ca 2ϩ sensor, which mediates exocytosis in IHCs (12, 137) (Fig. 2B) . Otoferlin, mainly via its C2F domains, binds, in a Ca 2ϩ -dependent manner, two target-SNARE proteins, syntaxin-1A and SNAP-25. In addition, Ca V 1.3 channels specifically interact with the otoferlin C2F and C2D domains that are responsible for binding (133) . Mutations in human gene OTOF, encoding otoferlin, result in a nonsyndromic form of deafness (DFNB9) (23, 135, 192) because of abnormal neurotransmitter release from IHCs (147) . Given that mutations in otoferlin C2 domains cause deafness in mice and humans through impaired ability of otoferlin to bind syntaxin-1A, SNAP-25, and the Ca V 1.3 Ca 2ϩ channel, these interactions may be essential in otoferlin-mediated exocytosis (74, 95) . By interacting with myosin-VI, otoferlin also provides the efficient replenishment of synaptic vesicles required for hearing (61, 122, 136) . More recently, it has been proposed that synaptotagmin-IV may cooperate with the SNARE complex and even constitutes the critical molecule for establishing the linear Ca 2ϩ dependence of vesicular fusion in adult IHCs and immature OHCs (76) . This Ca 2ϩ dependence of neurotransmitter release and the subsequent vesicle pool replenishment vary along the tonotopic axis of the cochlea (75) . Indeed, with maturation, the Ca 2ϩ efficiency of exocytosis increases particularly in high-frequency IHCs (basal region) and, in a lesser extent, in low-frequency IHCs (apical region). Capacitance measurements revealed that prehearing IHCs and low-frequency adult IHCs show a higher-order exocytotic Ca 2ϩ dependence than that observed in high-frequency adult IHCs (58) . This position-dependent difference seems to be specifically correlated with ribbon synapse morphology (spherical in apical and ellipsoid in basal IHCs). Repetitive stimulation of adult IHCs indicates that vesicle pool replenishment could become rate limiting for vesicle release, with highfrequency IHCs able to sustain greater release rates (75) . Viral gene transfer experiments have shown that expression of synaptotagmin-1 in IHCs cannot restore exocytosis in mice lacking Otof, arguing against a simple functional equivalence of C2 domain proteins in IHC ribbon synapses (134) . Surprisingly, recent data raised the possibility that exocytosis at the IHC ribbon synapse is unconventional and may occur independently of neuronal SNARE proteins (119) .
Glutamate is the primary neurotransmitter of the peripheral auditory nervous system in both rodents and humans (7, 51, 118) . In IHCs, synaptic vesicles are filled by the vesicular neurotransmitter transporter VGLUT-3 (156) . Deficient mice for this gene display profound deafness meaning that VGLUT-3 is essential for proper afferent neurotransmission (141, 156) . To avoid saturation and excitotoxicity, the glutamate uptake at IHC afferent synapses is ensured by surrounding SCs through the glutamate-aspartate transporter (GLAST) (53) . Once glutamate is released into the synaptic cleft, it activates AMPARs, which induce fast excitatory postsynaptic currents in SG afferent fibers (54, 80, 139, 140) . These glutamatergic receptors are preferentially composed of GluR2/3 and GluR4 subunits in maturing SGNs, whereas single GluR2 expression can be noticed after hearing onset (37, 101, 116, 174) . The expression of surface AMPARs on postsynaptic afferents is modulated by application of glutamate receptor agonists on cultured SGNs (22) . Moreover, a reversible reduction in surface AMPARs occurs following acoustic stimulation in vivo and is correlated with changes in acoustic sensitivity. Therefore, the variation of AMPARs expression is essential in optimizing synaptic transmission at the IHCs (21) . In addition, the endocytosis-mediated diminution of AMPARs observed during excitatory stimulation could contribute to limiting the excitotoxic damage potentially caused to the neuron (22) . Several studies also revealed the presence of both kainate and N-methyl-D-aspartate (NMDA) receptor subunits (NR1 and NR2A-D) on the afferent postsynaptic density (88, 116, 145) . BDNF and NT-3 have been shown to influence neurotransmitter receptor expression (168) , ion channel distribution, and firing properties of postnatal SGNs in vitro (2) . Exposure of SGNs to BDNF causes all SGNs, no matter their original position in the cochlea, to show the properties of basal SGNs. By contrast, NT-3 causes all SGNs to display the characteristics of apical SGNs (2). These findings are consistent with opposite expression gradients of BDNF and NT-3 and/or their high-affinity trk receptors along the tonotopic map, suggesting that a combination of neurotrophins is necessary to establish the characteristic firing features of postnatal SGNs. With the use of a novel SGN-HC coculture model, it was shown that neurotrophins also control and organize the expression of presynaptic and postsynaptic proteins on bipolar SGNs in a reciprocal manner along the tonotopic axis of the cochlea (43) . Indeed, GluR2/3 subunits are enriched in basal SGNs compared with apical SGNs, enhanced by exposure to BDNF and reduced by NT-3, regardless to their original cochlear position. SNAP-25 and synaptophysin are distributed and regulated in a mirror image: enriched in the apex, enhanced by NT-3 and reduced by BDNF. More recently, it was shown that these preand postsynaptic proteins are equally expressed in type I and type II SGNs (42) .
It has been shown that the absence of both neurotrophins results in emergence of glycine-induced currents, whereas exposure to BDNF or NT-3 downregulate glycine receptors (GlyRs) expression on SGNs (168). Glycine normally acts as an inhibitory neurotransmitter in the peripheral and central nervous systems, as reviewed in Ref. 96 . However, given that glycinergic synaptic activity enhances survival of motor neurons (10) and outgrowth of developing spinal cord neurons (169) , it would be interesting to test whether similar promoting effects of GlyR currents occur in long-term SGNs culture.
The position of the IHC along the tonotopic axis of the cochlea determines the frequency selectivity. However, until recently, the molecular mechanisms underlying an important threshold difference between nerve fibers remained unknown. Intracellular labeling studies suggested that the position of the synapse around the IHC circumference determines the fibers' threshold sensitivity (92) . Recent data reported complementary gradients, most striking in the mid-cochlear region, whereby synapses from the modiolar face and/or the basal pole of the IHC exhibit larger presynaptic ribbons and smaller postsynaptic AMPA receptor patches than synapses located in opposite regions of the cell (i.e., the pillar side, closer to the OHCs and the apical pole) (91) . Therefore, these opposing gradients are believed to underlie threshold sensitivity differences among the primary fibers innervating a single IHC. A local hypothalamicpituitary-adrenal equivalent signaling has lately been identified in the cochlea. Corticotropin-releasing factor (CRF) expression overlaps and juxtaposes sites of CRF receptor type 1 (CRFR1) expression, suggesting the possibility of autocrine/paracrine signaling. Mice lacking CRF receptor type 1 (CRFR1) exhibit elevated auditory threshold (55) . At the molecular level, these mice display normal numbers of afferent synapses but abnormal synapse distribution at IHCs. Compared with wild-type (WT), more ribbons are localized toward to modiolar side of the IHC and fewer are clustered on the pillar side. The deficiency of pillar-side afferent synapses in CRFR1 KO mice may indicate a plastic change in afferent fiber population to low-spontaneous rate, high-threshold synapses, and could partially explain their elevated ABR thresholds.
Maturation and Molecular Structure of the Outer Hair Cell Synapse
Type II afferent fibers targeting the OHCs also drive action potentials, but their function in auditory perception is poorly understood and probably fundamentally different from that of type I SGNs. The molecular mechanism involved in the signal transduction through OHCs remains not well understood. Rather than being dependent on synaptic ribbons, this kind of neurotransmission occurs by coated vesicles (32) . Whereas developing OHCs are characterized by a Ca 2ϩ -and otoferlindependent exocytosis (12) , mature OHCs afferent signaling is preferentially ensured by the presence of Ca V 1.3 Ca 2ϩ channels (85) . TH has also been shown to influence the maturation of OHCs. Especially, TR␣1 and TR␤ are critical expression regulators of ion channels and the OHC motor protein prestin before hearing onset (180, 185, 186) .
Once released, glutamate binds to and activates postsynaptic GluR2/3 or GluR4 receptors (34) . As for IHCs, the neurotransmitter reuptake at OHCs synapses is managed by Deiters' cells through GLAST (50) . Recent data report that type II SGNs function as cochlear afferents and are depolarized by ATP (181) via P2X receptors (72) . Besides, ATP is released from SCs through gap junctions (8, 196) and modulates Ca 2ϩ signaling in OHCs (98) . OHCs are the target of olivocochlear efferents that have been proposed to be involved in a mechanism of local feedback control (172) . SK2 channels, through ensuring proper expression and activity of nicotinic ACh receptors (nAChRs), are critical regulators of function and longterm survival of efferent synapses on OHCs (113) . Different from typical inhibitory synapses, synaptic inhibition in OHCs is thought to be achieved by activation of ␣9␣10nAChRs that usually mediate excitatory postsynaptic responses (120) . The activation of these receptors at the base of OHCs leads to an increase in intracellular Ca 2ϩ and the subsequent opening of SK2 channels, leading to hyperpolarization of OHCs (170) . Recently, GABAergic signaling in type II afferent SGNs has been shown to be required for normal OHC amplifier function at low-level sounds and may also regulate OHC responses to high-level sound (97) .
Conclusion
Significant advances have recently been achieved in unravelling both formation and function of the auditory sensorineural machinery of the inner ear. Especially, several molecular mechanisms involving neurotrophins, ephrins, growth factors, and other guidance cues have been identified as taking part in SGNs outgrowth and extension to the OC, the initial event of sensory HCs innervation. However, the subsequent process of afferent axon refinement remains poorly understood. Further efforts will also be necessary to elucidate how the precise distribution of type I-IHCs versus type II-OHCs connections can be established. A better understanding of this crucial step may help us to guide the development of improved therapeutic strategies aimed at maximising the specific connectivity of auditory neurons to hair cells in a context of sensorineural hearing loss.
